Electrochemical machining process (ECM) can be applied for efficient shaping advanced materials conducting electrical current which are difficult or impossible for machining using conventional methods. In electrochemical machining workpiece is anode and material is removed as a result of electrochemical reactions "atom by atom" without mechanical forces. This mechanism of material removal make it possible to obtain high quality of machined surface layer with uniform properties. The very important advantage of ECM process is also the fact that there is not electrode -tool wear because the equivalent reaction to anodic dissolution is hydrogen generation on cathode surface and hydrogen can be easy removed form interelectrode gap by electrolyte flow. Because of this advantages ECM process is widely applied in space, aircraft, car and electromechanical industry and research stimulating ECM development are carried out.
General characteristics of the ECM process
The machining allowance in the ECM process is removed as a result of electrochemical reactions taking place on the surface of the workpiece, which is the anode ( fig. 1 ). The inter-electrode space is filled with a flowing electrolyte. Atoms of the workpiece, under the influence of electric field, undergo ionization and diffuse into the inter-electrode gap, where they enter further reactions. The equivalent reaction that takes place at the surface of the cathode is deionization of hydrogen ions. An electric current flows between the anode and the cathode, and heat is released according to Joule's law. The reaction products (e.g. hydroxides and hydrogen) and heat are removed by the electrolyte flowing through the gap. Therefore, the concentration of hydrogen and dissolution products as well as temperature change in direction of the electrolyte flow, which significantly affects the electrolyte conductivity distribution and thickness of the inter-electrode gap -see equations (1) and (2) [1] [2] [3] [4] [5] .
The dissolution process follows the laws of Ohm and Faraday. On this basis, the machining efficiency and the thickness of the inter-electrode gap can be determined. inter-electrode space -following formula is obtained [1, 5] :
where: Su -thickness of the inter-electrode gap in the steady state of the process, η -current efficiency of the dissolution process, kv -electrochemical equivalent of the material processed, κ -electrical conductivity of the electrolyte, E -sum of the decreases in the electrical potential at the electrode and electrolyte interface, Uinter-electrode voltage, vf -feedrate of the working electrode.
The electrical conductivity of the electrolyte, in general case, can be calculated from the following relationship [1] [2] [3] [4] [5] : (2) where: κ -specific electrolyte conductivity at selected point of inter-electrode space, κ0 -specific electrolyte conductivity at the inlet to the machining area, α -temperature electrolyte conductivity coefficient, CHhydrogen volume concentration. Φ a , Φ k -electrode potentials, U -inter-electrode voltage, v fworking electrode feedrate, S -inter-electrode gap thickness [5] Phenomena occurring in the inter-electrode gap determine the basic advantages of the ECM process [1] [2] [3] [4] [5] , such as:  possibility of efficient machining of electrically conductive materials, regardless of their mechanical properties, difficult or impossible to process using classical methods;
 possibility of obtaining a good quality surface layer and a small surface roughness, because the material is removed with the smallest possible portions -atoms, and to remove the allowance, mechanical forces introducing changes in the surface layer are not needed; of course, even very high forces act on the workpiece and working electrode when processing large surfaces due to electrolyte pressure flowing through the machining area;  no wear of the working electrode; material is not removed during the process from the surface of the toolworking electrode. Fig. 2 . Diagram of damage to the electrode as a result of electrical discharges: 1 -working electrode; 2 -workpiece; 3 -material removed from the machined surface as a result of an electric discharge; 4 -material removed from the surface of working electrode as a result of an electric discharge; 5 -area of the inter-electrode gap, in which the critical condition occurred; 6 -gas bubbles; v f -feedrate of the working electrode; v e -electrolyte flow rate [5] Fig. 3. Scheme of a 3D curved surface drilling (e.g. die working cavity, mold cavities or mold). Values used in practice, sometimes exceeding 10,000 A, cause an intensive release of hydrogen and heat. To maintain the electrolyte temperature and hydrogen volume concentration, the electrolyte flow rate may be as high as 20 m/s [5] . Explanations: α -angle of the machined surface outline; S 0 , S α , S L -inter-electrode gap thickness respectively for: α = 0° point with outline angle α, α = 90°
The basic condition for gaining of these benefits is uniform and stable electrolyte flow through the interelectrode gap and possibly a small change in the electrolyte properties, and in particular its specific electrical conductivity, the value of which depends, among others, on the temperature and volume concentration of hydrogen. The electrolyte flow conditions should guarantee its even distribution on the machined surface, without any stagnation zones, circulation or cavitation areas. In addition, the flow rate should be selected so that the temperature and hydrogen volume concentration do not exceed the critical values (Tkr ≈ 60-70 °C, CH,kr ≈ 70÷75%). Otherwise, electrical discharges will appear in the gap, damaging both electrodes and causing the process to be interrupted ( fig.  2 ) [1] [2] [3] [4] [5] .
From this simplified description, basic problems related to modeling and computer simulation of the ECM process emerge. As a result of modeling, spatial distributions of all discussed sizes are obtained, in particular, the distribution of inter-electrode gap thickness is important, necessary to determine the shape and dimensions of the workpiece surface for a given electrode (so-called simple task) or to adjust the working electrode in order to obtain a given machined surface (so-called reverse task). A necessary condition for the practical use of mathematical modeling and computer simulation is a satisfactory agreement of their results with those of experiments. The described phenomena also indicate that the ECM process is characterized by relatively large randomness, which hinders its automation. In order to reduce the randomness of the process and uniform the electrolyte propertiesespecially in the machining of complex 3D surfaces ( fig.  3 ) -the following actions are undertaken [e.g. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] 18] :  machining of complex free surfaces is accomplished even in three stages, which ensure successively high efficiency and high dimensional accuracy and surface quality;  in the inter-electrode space, homogeneous conditions are ensured (as low as possible variability of temperature and hydrogen volume concentration), which increases the accuracy of mathematical modeling and computer simulation and allows to obtain the required machining accuracy and high quality of the machined surface.
In practice, fulfillment of the second of these conditions is achieved due to the use of:  mixture of electrolyte with gas (N2, CO2) -the mixture is prepared before entering the processing area; recently, this technological variant is rarely used -it is displaced by pulse machining;  additional relative movements of electrodes, e.g. electrode vibrations (anodes, cathodes) -electrode vibrations cause mixing of the electrolyte in the gap; ultrasonic vibrations may be helpful;  such pulse voltage values (often coupled with vibrations or electrode oscillations), pulse voltage time and time break between pulses (or pulse packets) that the heat and reaction products generated during the voltage pulse are completely removed by the flowing electrolyte during the interval between pulses;  universal working electrodes with a simple shape and surface smaller than the machined surface, characterized by a special kinematics -in this case, the shape of the workpiece is obtained as a result of mapping the trajectory of relative movement of electrodes (in the ECM drill, the shape of the workpiece is obtained as a result of mapping the shape and dimensions of the corrected working electrode);  combinations of the above cases.
Next, the activities that allowed for greater uniformity of the fluid properties (electrolyte + reaction products) were demonstrated, thus simplifying mathematical modeling and improving the accuracy of computer simulation and actual machining. It should be emphasized that the adopted simplifications also limit the randomness of the ECM process and make it more susceptible to automation.
Electrochemical drilling
The diagram of electrode vibrations in two axes is shown in fig. 4 [10] . For this case, a computer-aided design system for the technological process was developed, which includes packages for mathematical modeling of the process and its computer simulation. The system has been verified experimentally for the following parameters:  inter-electrode voltage 15 V,  electrolyte 15% NaNO3,  electrolyte efficiency of 2 dm 3 /min,  electrolyte temperature T = 293 K,  electrode feedrate vf = 1 mm/min,  two variants of the working electrode vibrations: in direction of the electrode's movement (vibrations with an amplitude A = 0.1 mm and frequency f = 30 Hz) and in the direction perpendicular to this (vibrations with an amplitude of A = 0.05 mm and frequency f = 60 Hz) .
Based on the analysis of results from the computer simulation and their comparison with the test results, it was found that the use of vibrations of the working electrode in two axes homogenizes the electrolyte properties in the machining area, which authorizes modeling and simulation with simplifying assumptions. The compliance of the measurement results and simulations is satisfactory. Similar results were obtained in the case of modeling and computer simulation of ECM drills of rotary surfaces with different variants of vibrating motion: vibrations in the direction of electrode movement and torsional vibrations around the axis of rotation [11] . The following parameters were used in the verification tests: inter-electrode voltage U = 15 V, electrolyte 15% NaNO3 with temperature T = 293 K and efficiency Q = 3 dm 3 /min, pressure at the inlet to the machining area p = 0.1 MPa, thickness of the initial gap S0 = 0.2 mm. The kinematic parameters were as follows: rotational speed of the electrode n = 800÷1600 rpm, vibration amplitude A = 0.1 mm, vibration frequency f = 30 or 60 Hz. After comparing the results of computer simulation with the test results, it was found that due to the introduction of the relative movement of electrodes (rotational motion, vibrations) in the analyzed case, a satisfactory match of these results was obtained.
Electrochemical drilling is widely used in the aviation and aerospace industry. The basic elements of aircraft engines are turbines, that are elements containing properly shaped blades. The exhaust gases hit the blades and put the turbine in a rotating motion. So far, each of the aircraft engine blades was separately manufactured (electrochemically), and then the finished blades were deposited in special hollows (locks) around the circumference of the turbine ring. Making locks in the ring and negatives of the lock on the grip parts of the blades and the assembly of the blades are very difficult and labor-intensive operations. For this reason, the blades are increasingly made electrochemically directly on the turbine ring -such a turbine made as one part is called a blisk (bladed disk). The advantages of such solution are obvious ( fig. 5 and fig. 6 ): compactness, smaller dimensions, higher rigidity and overall strength, possibility of obtaining higher revolutions, longer intervals between inspections, etc. [12] [13] [14] [15] [16] . Fig. 4 . Diagram of electrochemical drilling with electrode vibrating in two axes [10] Electrochemical machining -as a very efficient method allowing to obtain a good surface quality -is used in the process of producing turbine blades of airflow engines. The ECM does not introduce changes in the surface layer that can be observed on surfaces after machining or electro-erosion machining.
Currently, machining of aerospace elements (also blisks) uses electrochemical pulse treatment with the vibrating motion of electrodes. As the electrode approaches the machined surface, a pulse packet is generated, whereas when the electrode moves away from the work surface, the products of electrochemical reactions and heat are removed outside the machined area [15] . In special cases, the machining is carried out in a pressure chamber [16] with throttling of the electrolyte outflow. As a result, electrolyte flow through the processing area is stable and critical conditions are rare. In addition, at the increased pressure in the machining zone, the volume concentration of hydrogen is smaller. This is important during machining of large precision components, carried out with high current density -in the order of 50÷200 A/cm 2 , which corresponds to the current intensity of up to several thousand amperes. All of these activities are conducive to reducing the randomness of the process and improving the accuracy of processing and the quality of the surface layer. Examples of monolithic turbines generated by ECM are shown in fig. 5 and fig. 6 , and examples of its other applications -in fig. 7 . Summing up this part of the considerations, it can be concluded that due to the modification of the classic drilling process -by introducing vibrations, rotational movement of electrodes (in rotary surface processing) or pulsed voltage (PECM) -and machining in pressure chambers, more uniform dissolution conditions and electrolyte flow stabilization are obtained along with the possibility of implementing the process in stages, in which the parameters are subsequently optimized for reasons of efficiency, accuracy and surface quality. In addition, mathematical modeling and computer simulations are simplified, but their results do not differ significantly from those of experimental studies. On the other hand, it contributes to improving the quality of the workpieces and randomness reduction of the machining process, which in most cases becomes possible to automate.
Electrochemical machining using universal electrodes
In this case, the universal working electrode and the workpiece perform relative motion -shape of the machined surface is obtained as a result of mapping the trajectory of this relative motion in the workpiece. There are two cases here:  electrochemical machining -ECGM ( fig. 8) ,  electrochemical milling with rotational movement of the electrode ( fig. 9 ) or chipping -without rotation. In both cases, volume of the treatment area is small and intensively flushed with electrolyte, which justifies the assumption that the machined area has uniform and constant properties in mathematical modeling and computer simulation. With this assumption, mathematical modeling and computer simulation are easier and the obtained results satisfactorily coincide with the results of experimental research. Also in the case under consideration, the machining process is more stable than drilling. In addition, often during milling or chipping, the working electrode is moved above the machined surface, which excludes the occurrence of short circuits or contact (collision) of electrodes. This creates ideal conditions for automation -systems for such machining are marked as ECM-CNC.
Mathematical modeling, computer simulations and experimental tests of the ECGM process [17] allow to state that it allows the machining of a specific class of products with complex 3D shapes. The results of modeling and computer simulation are sufficiently in line with the results of experimental studies. The randomness of the process is much smaller as compared to the classic drilling, therefore the process can be automated. Fig. 9 shows a schematic diagram of electrochemical milling using rotating electrode moving along a special trajectory. In some cases, the electrode does not perform rotational motion -this operation is called ECM chipping. Universal electrodes can have any shape, but usually spherical roll electrodes are used in the macromachining, while in micro-machining -flat cylindrical electrodes [5, 7-9, 18, 20, 23] . The ECM machining with universal electrodes is a stable process and convenient for mathematical modeling, computer simulation and automation, but it has one major disadvantage, namely very low efficiency. This type of machining is used for special operations, such as the manufacture of thinwalled elements, treatment of apertures or pockets [23] and finishing operations (smoothing) of the surface after coarse classical milling or electro-discharge machining ( fig. 15 and fig. 16 ) [19] . Fig. 9 . Diagram of electrochemical milling using a universal cylindrical electrode (1 -cylindrical electrode, 2 -workpiece) [5] The universal working electrode can have any shape, however, spherical or flat cylindrical electrodes are most commonly used. The electrolyte is supplied to the machining area in a forced manner -through the hole in the electrode ( fig. 10 -macro-machining) -either the electrode and the processing area are electrolyte plated through the outer nozzle ( fig. 11 -usually micromachining) .
Selecting the machining parameters accordingly, tracks (waviness, craters after discharges) after roughing with milling or electro-discharge machining can be removed. For example, the surface waveforms after milling the free 3D surface with a ball mill with a radius of R = 5 mm, amounting to 0.1 mm, were reduced to practically zero, i.e. to the surface roughness scale (Ra ≈ 2 μm), which was achieved by smoothing under the following conditions: U = 16 V, vp = 42 mm/min, S0 = 0.2 mm, working electrode with radius R = 9 mm, processing time t = 45 min, electrolyte -15% aqueous NaNO3 solution [18] .
Studies on universal electrodes have been described, among others in [5, 7, 8, 18] . This work presents a mathematical model, results of computer simulations and results of experimental research in the field of shaping elements and smoothing the surface, above all with a spherical electrode. These results allowed to develop a comprehensive system -used for mathematical modeling and computer simulation as well as computer-aided design of the technological process -coupled with ECM-CNC electrochemical machine, on which this process is carried out automatically. The system includes [5] :  A -subsystem of computer-aided design of the technological process, including: a computer technology database with software supporting selection of processing conditions; software for computer simulation of the machining process based on a mathematical model; software supporting the design of the working electrode trajectory and optimization of machining conditions in order to obtain the assumed shape of the workpiece and required properties of the surface layer; software for automatic generation of the electrochemical machine control program EOCA 40; AutoCAD and PROENGINEER systems;  B -subsystem of the machining process, including the PRONUM 640 FC control system and the EOCA 40 machine tool;  C -subsystem managing the cooperation of subsystems A and B and the flow of information within the system. Ra, μm Fig. 11 . Scheme of smoothing the surface with a universal spherical-shaped electrode (at the top) and the relation Ra = f(a) (bottom); v p -feedrate of universal working electrode movement over the workpiece (smoothed), -allowance removed from the uneven tops, a 1 -finishing allowance removed from the uneven bottom, R -working electrode radius, R 0 -uneveness surface height before smoothing, R kunevenness height after smoothing , Ra -surface roughness [5, 7, 8] Fig. 12. Thin-walled element made by electrochemical milling using the electrode shown in fig. 13 [23] Fig. 13 . Electrode for milling a thin-walled structure shown in fig.  12 . The electrolyte is supplied to the machining area through holes made in the side surface -cylindrical, the electrolyte allowance is also removed by this surface [23] Electrochemical micro-machining Electrochemical machining of microelements or microstructures is usually carried out in the following operations: drilling (without rotating electrode), drilling (with electrode rotation), milling (with electrode rotation) and chipping (without rotating electrode) [19] [20] [21] [22] [23] [24] [25] [26] . In the case of micro-machining (d<<1 mm), performance and positioning of the working electrode pose a serious problem. For this reason, working electrodes are usually made on the same machine tool, on which microelements are produced [22] . Fig. 14 . Diagram of machining a working electrode for common drilling or drilling the micro-holes and for milling the 3D microstructures [22] Applying the PECM and the electrode manufactured in the manner shown in fig. 14 , holes with a diameter of 48 μm (at the electrode input) and 42 μm (at the electrode output) were made in the WC-Co plate with a thickness of 200 μm. The electrolyte was 0.5 M NaNO3 + 0.2 M H2SO4, and the process parameters were as follows: inter-electrode gap thickness 3÷5 μm, 9 V voltage pulses, pulse time 100 ns, pulse gap 1 μs, electrode feedrate 0.1 μm/s [22] . Also in the PECM process, but with a working electrode in the form of a 10 μm platinum wire, 50 ns pulse time, 1.6 V pulse voltage and 2 MHz pulse frequency, 3D structures of <30 μm were madethe smallest spatial structure was 5×10×12 μm [24] . Of course, the larger the dimensions of designed holes and micro-shapes, the easier it is to form them. Examples of microstructures produced on an industrial scale are shown in figs. 15-17. Microelements or microstructures are more and more often produced using the WECM wire cutting method, however the basic problem here is the removal of dissolving products, hydrogen and heat from the machined area ( fig. 18) . The solution to this problem is to ensure relative movements of the wire (cathode) and the workpiece (anode) ( fig. 19 ) and the use of wire with a special side surface structure ( fig. 21) . [25] Fig. 21 presents a scheme for the production of microstructures applying the WECM method, although macrostructures or macroelements can also be produced in this way. Then, also removal of the dissolution products from the machined area is supported by a suitably selected relative movement of the electrodes (wire and workpiece), but in the considered case, a thicker wire than in previously described micro-cutting operations is used. In the case shown in fig. 21 , the removal of dissolving products from the machining area is supported by a special side surface structure of the wire ( fig. 21 and fig. 23 ). This structure generates turbulent flow of electrolyte through the gap, which improves the removal efficiency of the reaction products and enables the cutting speed to be increased. The structuring of the side surface of the wire at WECM is a very important direction for further research. fig. 21 and using the electrode shown in fig. 23 . Amplitude of a 21 V pulse voltage, pulse frequency 100 kHz, pulse duty factor 40%, NaNO 3 electrolyte 15 g/l, electrode (wire) feedrate 1 μm/s, reverse movement amplitude 20 mm, frequency 1.5 Hz, wire rotational speed 5000 rpm [26] Fig. 23 . Stainless steel wire electrode with a structured lateral surface: 500 μm external diameter, medium width and depth of depressions -113 and 100 μm [26] Electrochemical wire cutting in micro and macro scale is intensively developed. This is evidenced by numerous publications [e.g. 25, 26, 27] , from which it appears that this method is already used in the production of elements or structures with dimensions of approximately 100 μm.
Conclusions
Dynamic development of electrochemical treatment results from its basic advantages:  material is removed as a result of electrochemical reactions -due to this, there are no mechanical forces and no changes in the structure of the surface layer; significant mechanical forces can act on the electrodes when machining large surfaces, being the result of electrolyte pressure;  removing the material in small portions (atom by atom) enables obtaining a high surface quality, however, provided that optimal conditions for electrochemical dissolution and electrolyte flow are ensured;  working electrode (cathode) does not wear -hydrogen is released at the cathode, which is then removed by electrolyte flowing through the processing area; the electrode wear can be reduced if there are discharges ( fig. 2 ) caused by excessively high electrolyte temperature and hydrogen concentration.
Basic disadvantages of the ECM process and difficulties with its implementation result from its high complexity, including numerous physical and chemical phenomena occurring in the area of machining, which makes that mathematical modeling and computer simulations of this process is characterized by limited accuracy. In general, the ECM process is characterized by high randomness, and when electrolyte flow is not optimal, critical states may occur leading to electrical discharges that damage the working electrode and the workpiece, which is equivalent to interrupting the machining. For these reasons, the ECM process is extremely difficult to automate. The basic direction of the ECM process development is to increase the uniformity of the physical properties of the electrolyte distribution and the stability of its flow, as well as to minimize the possibility of electrical discharges. In practice, this amounts to:  providing additional relative movement of the electrodes, which causes mixing of the electrolyte in the machining area and leveling of its properties; in particular, the use of ultrasonic vibrations, which intensify the occurrence of cavitation favoring the alignment of electrolyte properties and the de-passivation of the machined surface, is particularly effective;  the use and thus the production of rotating elements using additional relative movements of the electrodes;  supplying the gap with pulse voltage -often coupled with additional relative movement of electrodes (PECM);  conducting the machining in pressure chambers with throttling of the electrolyte outflow -this results in the reduction of hydrogen volume concentration, stabilization of hydrodynamic conditions and good filling of the processing area;  the use of universal electrodes and specially designed trajectories of relative workpiece movement (anodes) and tools (cathodes); in this case, the shape of the workpiece is obtained as a result of mapping the trajectory in the workpiece; the use of universal electrodes clearly reduces the processing area, stabilizes the electrolyte properties and reduces the probability of electrical discharges, and thus allows automation of the process (this type of machining is often called ECM-CNC) -unfortunately, this is achieved at the expense of reduced machining efficiency.
Following directions of ECM process development emerge from above considerations:  creation of integrated systems for modeling, simulation and design of technological processes and manufacturing (control programs for automatic implementation of the process on ECM-CNC machine tools);  manufacture of turbine blades -although there are alternative technologies for turbine blades production, but they have not been implemented for reasons of flight safety -the ECM blades are of higher quality and it can be assumed that any changes in the shape of the blades or their surface structure will also be realized using ECM;  production of light and thin-walled elements (e.g. for aviation) from special hard-machinable materials -also composite ones;  manufacture of microstructures and microelements of the MEMS type (micro-electro-mechanical-system);  shaping special properties of the surface layer of cooperating elements (e.g. smoothing, production of bionic structures [28, 29] );  further development of WECM;  improvement of ECM technology and machine tools in traditional areas of ECM applications (aviation elements, tools for plastic processing, etc.).
